Time-resolved magnetic resonance angiography (TR MRA) is a promising less invasive technique for the diagnosis of intracranial vascular lesions and hypervascular tumors. Similar to 4-dimensional computed tomographic angiography obtaining high frame rate images, TR MRA utilizes acceleration techniques to acquire sequential arterial and venous phase images for identifying, localizing, and classifying vascular lesions. Because of the good agreement with digital subtraction angiography for grading brain arteriovenous malformations with the SpetzlereMartin classification and the good sensitivity for visualizing arteriovenous fistulas, studies have suggested that TR MRA could serve as a screening or routine follow-up tool for diagnosing intracranial vascular disorders. In this pictorial essay, we report on the use of TR MRA at 3.0 T to diagnose intracranial vascular lesions and hypervascular tumors, employing DSA as the reference technique.
Intracranial vascular disorders encompass a broad spectrum of diseases ranging from vascular lesions and hypervascular tumors. With high temporal and spatial resolution images, digital subtraction angiography (DSA) is a current standard tool for the characterization and delineation of intracranial vascular disorders. High spatial and temporal resolution images are essential for visualizing small vessels and elucidating the hemodynamic properties of the intracranial vascular lesions. However, this examination is an invasive tool with potential risks, including vascular injury related to arterial punctures and transient or permanent neurological complications, albeit very low.
Alternative less invasive techniques have been proposed for the visualization of the intracranial vascular disorders. Fourdimensional (4D) computed tomography (CT) angiography using multiple subsequent data acquisition techniques to obtain high frame rate images has been developed to evaluate the flow dynamics of the intracranial vasculature [1] . Similar to the 4D CT angiography, time-resolved (TR) magnetic resonance angiography (MRA) is also an effective approach to increase temporal resolution. With the use of modified k-space collection schemes, TR MRA [2] oversamples the segmented center of k-space at the expense of undersampling higher k-space to improve the temporal resolution while maintaining the spatial resolution. More recent developments allow the technique to acquire sequential arterial and venous phase images, thus becoming a promising sequence for diagnosing intracranial vascular disorders. In addition, parallel imaging techniques that partially shift the burden of spatial encoding from magnetic field gradients to parallel receive coils further accelerate image acquisition. High field strength magnets (eg, 3.0 T) provide higher signal-to-noise ratio that can be used to obtain images with higher spatial resolution. More recently, studies have reported the wide clinical applications of the TR MRA at 3.0 T in the characterization of intracranial vascular disorders such as arteriovenous malformations (AVM) [3, 4] , dural arteriovenous fistulas (DAVF) [5] , and hypervascular tumors [6, 7] .
Hence, advances in MR hardware performance and imaging techniques have enabled us to perform TR MRA and to obtain less invasive angiograms with high frame rate. Here we use TR MRA at 3.0 T to present a pictorial view of the intracranial vascular lesions and hypervascular tumors, using DSA as a reference.
Imaging Techniques and Protocols

Time-Resolved Magnetic Resonance Angiography
TR MRA was performed by using a 4D TR MRA with keyhole (4D-TRAK) sequence on a 3.0 T magnetic resonance imaging system (Achieva, Philips Healthcare, Best, The Netherlands) with an 8-channel sensitivity-encoding (SENSE) head coil. The acquisition parameters of the 4D-TRAK sequences were as follows: T1-weighted gradient echo sequence with repetition time ¼ 3.3 ms; echo time ¼ 1.02 ms; flip angle ¼ 20 ; field of view ¼ 230 Â 246 Â 160 mm 3 ; parallel imaging with an acceleration factor of 8 (phase encoding, 4; section encoding, 2); and half-Fourier imaging with a 30% k-space reduction. An intravenous injection of 0.1 mL/kg contrast agent (gadobutrol, 1 mmol/mL; Gadovist 1.0; Bayer Schering Pharma, Bayer Vital, Leverkusen, Germany) with a flow rate of 3 mL/s was followed by a 20 mL saline flush that was delivered with an automated power injector. In total, we achieved 30 dynamic acquisitions, 1.6 seconds per volume, which were combined with a reference scan of 5.5 seconds for a total acquisition time of 53.6 s and a spatial resolution at acquisition of 0.8 Â 1.3 Â 2 mm 3 after interpolation in a voxel size of 0.77 Â 0.77 Â 1 mm 3 .
Conventional Angiography
Diagnostic biplanar intra-arterial DSA (Allura Xper FD 20/20; Philips Medical Systems, Best, The Netherlands) was performed by a trained neuroradiologist using a 4.1-F catheter that was guided into the internal carotid, external carotid, and both vertebral arteries via the transfemoral route. The images with projected frontal and lateral views were obtained after power injection of 5-8 mL of iopromide (Ultravist; Bayer Healthcare). The frame rates were 6 frames/s in the arterial phase and 4 frames/s in the venous phase.
Vascular Lesions
Arteriovenous Malformations
Conventional DSA is the standard imaging tool for SpetzlereMartin AVM grading system. Recently, Hadizadeh et al [3] and Oleaga et al [4] reported that TR MRA provides as a good sensitivity as DSA for AVM detection and good agreement for determining nidus size and venous drainage. As shown in Figure 1 , TR MRA showed a small nidus (<3 cm) ( 
Dural Arteriovenous Fistula
The most commonly used classification system for DAVF is the Cognard classification, which stratifies lesions based on the direction of dural sinus drainage, the presence of cortical venous drainage, and the architecture of venous outflow. Ziyeh et al [8] and Nishimura et al [5] suggested that TR MRA has a similar ability to characterize DAVF. As shown in Figure 4 , TR MRA showed a fistula site (Figure 4 , A and B) with antegrade venous drainage (Figure 4 , C and D) into the ipsilateral venous sinus. Similar to DSA (Figure 4 , E-H), the findings of TR MRA were classified as a type I DAVF. In a type IIaþb DAVF (Figure 5 ), the TR MRA showed the retrograde venous drainage and a cortical drainage vein ( Figure 5, C and D) . In a type III DAVF (Figure 6 ), the TR MRA identified direct cortical venous drainage ( Figure 6B ) with antegrade drainage into the vein of Galen and then into the straight sinus ( Figures 6, C and D) . The follow-up DSA confirmed the classification results of the TR MRA.
Moyamoya Disease
Moyamoya disease is defined as a progressive narrowing of the distal internal carotid artery (ICA) and whether collaterals have developed according to the Suzuki grading system [9] . As shown in Figure 7 , TR MRA demonstrated progressive stenosis of the supraclinoid ICA with numerous Moyamoya-associated subcortical collaterals ( Figure 7D ).
The follow-up DSA images (Figure 7 , E-H) confirmed the diagnosis of Suzuki grade III Moyamoya disease.
Carotid-Cavernous Fistula
Carotid-cavernous fistulas (CCFs) are abnormal arteriovenous connection allowing blood to flow from the carotid artery into the cavernous sinus. The fistulas may be divided into traumatic (direct/high flow) or spontaneous (indirect/low flow). The most commonly adopted classification, Type A-D, is described by Barrow et al [10] based on the flow rate and arterial supply. Type A CCF is direct, high-flow fistulas (Figure 8 , E-H) that occur when the ICA itself fistulizes into the cavernous sinus. Type B, C, and D CCFs are indirect [11] , low-flow fistulas that happen when a branch of the ICA or external carotid artery (ECA) communicates with the cavernous sinus. Type B CCF arises from dural branches of the ICA, Type C arises from dural branches of the ECA, and Type D ( 
Hypervascular Tumors
Meningioma
Meningioma is a common intracranial extra-axial tumor that arises from arachnoid meningothelial cells. DSA is performed to identify the vessels supplying the tumor (Figure 10, E-H 
Hemangioblastoma
Hemangioblastoma is a posterior fossa hypervascular tumor characterized by an intensely enhancing mural nodule, which can easily be misinterpreted as an aneurysm. As shown in Figure 11 , TR MRA showed an enhancing lesion in the posterior fossa. Absence of contrast enhancement in the early arterial phase (Figure 11A ), the lesion presented a tumor blush in the capillary and venous phases ( Figure 11 , B and C). This marked it as a hypervascular tumor ( Figure 11H ) rather than an aneurysm. A follow-up DSA confirmed the diagnosis (Figure 11 , E-G).
In conclusion, current review of our series suggests that TR MRA combining parallel imaging and modified k-space sampling strategy with signal gain from a 3.0 T provides sufficient temporal and spatial resolution to identify, localize, and classify patients suspected of having intracranial vascular disorders. The MRA sequence could serve as a screening tool in the work-up of suspected patients or a routine follow-up tool as it may help reduce the potential risk of arterial catheterization in patients. However, the technique still suffers from insufficient spatial resolution and vessel overlap, making differentiation of the fine arterial feeders and very small drainage vein of the nidus difficult. It still needs DSA with injecting the 4 supra-aortic vessels 1 by 1 for definitive diagnosis, or to serve as a pretreatment assessment tool for determining the origin of the arterial feeders or defining the presence of an intranidal aneurysm. 
